Germ cells undergo epigenetic modifications as they develop, which suggests that they may be ideal donors for nuclear transfer (cloning). In this study, nuclei from confirmed embryonic germ cells were used as donors to determine whether they are competent for cloning and at which stage they are most competent. Embryos cloned from migrating 10.5-days-postcoitum (dpc) primordial germ cells (PGCs) showed normal morphological development to midgestation but died shortly thereafter. In contrast, embryos cloned from later-stage germ cells were developmentally delayed at midgestation. Thus, donor germ cell age inversely correlated with the developmental stage attained by cloned embryos. The methylation status of the H19-and Snrpn-imprinting control regions in germ cell clones paralleled that of the donors, and revealed that demethylation, or erasure of imprints, was already initiated in PGCs at 10.5 dpc and was complete by 13.5 dpc. Similarly, clones derived from male 15.5-dpc germ cells showed increased methylation correlating with the initiation of de novo methylation that resets imprints at this stage, and clones from neonatal germ cells showed nearly complete methylation in the H19 imprinting control region. These results indicate that the epigenetic state of the donor nucleus is retained in cloned embryos, and that germ cells are therefore inadequate nuclear donors for cloning because they are either erasing or resetting epigenetic patterns.
S
omatic cell cloning has been successfully used to produce live cloned offspring in a variety of mammals (1) (2) (3) . Although the rate of obtaining healthy offspring is very low, such successes illustrate the capacity of the egg cytoplasm and the donor somatic cell nucleus to support embryonic development.
As part of the normal course of development, embryonic germ cells are dynamically reprogrammed during germ cell migration and differentiation. In this context, reprogramming is defined as a stepwise process whereby the somatic-like epigenetic pattern, hypothesized to be characteristic of the earliest detectable primordial germ cells (PGCs), undergoes erasure and is transformed into the sex-specific pattern of mature germ cells (4, 5) . This process is exemplified by reprogramming of methylation associated with imprinted genes during germ-cell development; the somatic methylation imprints associated with early PGCs are erased around 11.5 days postcoitum (dpc) in both male and female PGCs and are reestablished in a sex-specific manner with paternal methylation imprints acquired early and maternalspecific methylation obtained late in the gametogenic process (6) (7) (8) (9) (10) .
Because embryonic germ cells by their very nature are in the process of reprogramming their genome, cells with different epigenetic patterns can be obtained and, in this study, were isolated by using a germ cell marker, EMA-1. Before migration into the genital ridges (10.5 dpc), PGCs are thought to possess a somatic-like epigenetic pattern, whereas, after migration (11.5 dpc and onward), germ cells are in various stages of reprogramming. Germ cell nuclei were used as donors in cloning experiments to determine whether these cells are competent to clone and at which stage they are most competent. Midgestation cloned embryos were examined for morphological development, which was complemented by an assessment of methylation status of two imprinting control regions (ICRs). We observed an inverse correlation between the increased age of the donor germ cells and the developmental stage obtained by cloned embryos. The failure to obtain full-term fetuses indicated that reprogramming of PGC nuclei had likely been initiated before entry into the genital ridge. In addition, we observed that the ICR methylation pattern of PGC-cloned embryos resembled that inherent in the donor cell populations. These results indicate that the reprogramming capabilities of PGCs were terminated in nuclear transfer embryos, rendering PGCs unsuitable as nuclear donors.
Materials and Methods
Animals. B6D2F1 (C57BL͞6 ϫ DBA͞2) mice were used as both oocyte and nuclear donors. PGCs were isolated from B6D2F1 embryos at 9.5-16.5 dpc (11). Gonocytes were collected from B6D2F1 male neonates at 0-1 days postpartum. Surrogate mothers of cloned embryos were CD-1 females. The protocol of animal handling and treatment was reviewed and approved by the Animal Care and Use Committee of the University of Hawaii.
Media. DMEM (GIBCO͞BRL) supplemented with 10-20% (vol͞vol) FBS (HyClone) was used for dissecting embryos and isolating PGCs. Oocytes and preimplantation embryos were cultured in bicarbonate-buffered CZB medium (12) at 37°C under 5% CO 2 in air. Oocyte manipulation was carried out in Hepes-buffered CZB (Hepes-CZB) (13) at room temperature.
Immunohistochemistry. In situ localization of PGCs was done by using EMA-1 antibody generated by immunization of mice with Nulli SCC1 carcinoma cells. This antibody binds specifically to the surface of PGCs of 8.5-to 13.5-dpc mouse embryos (14) . B6D2F1 embryos (10.5-13.5 dpc) were fixed with Bouin's fixative, embedded in paraffin, and serially sectioned at 10 m. EMA-1 antibody was applied to the sections followed by staining with fluorescein-conjugated goat anti-mouse immunogloblin secondary antibody (Vector Laboratories). Sections were examined with a Nikon inverted microscope by using epifluorescence illumination. EMA-1-positive PGCs of 10.5-dpc embryos were located in the dorsal mesentery of the hindgut near the urogenAbbreviations: PGC, primordial germ cell; ICR, imprinting control region; dpc, days postcoitum; DMD, differentially methylated domain.
ital ridge and in the mesenchyme next to the urogenital ridge ( Fig. 1 a and aЈ) . Most PGCs were in the sexually indifferent urogenital ridges by 11.5 dpc ( Fig. 1 b and bЈ) . The size and number of PGCs in the genital ridge increased during 12.5-13.5 dpc when the gonadal sex of embryos became clearly identifiable ( Fig. 1 c, cЈ, d , and dЈ).
Isolation and Identification of Germ Cells. Donor tissues containing PGCs ( Fig. 1) were dissected from several embryos at each stage and pooled in DMEM with 20% FBS. Treatment with 0.25% trypsin and 0.04% EDTA in DMEM for 10 min at room temperature was followed by gentle pipeting to separate individual cells. After washing with DMEM containing 20% FBS, dissociated cells were treated on ice with the primary EMA-1 antibody for 30 min, followed by a 30-min treatment with FITC-labeled secondary antibody (15) . After washing, cells were examined with Olympus IX70 epifluorescence microscope. Cells with strong fluorescence were selected as donor PGCs for nuclear transfer. Diameters of PGCs in 10.5-, 11.5-, 12.5-, and 13.5-dpc embryos were 13.2 Ϯ 0.5 m, 13.5 Ϯ 0.5 m, 14.6 Ϯ 1.8 m, and 14.5 Ϯ 1.3 m, respectively (n ϭ 20-30 each). Germ cell selection in 15.5-dpc embryos was based on large size (13-15 m), big, round nuclei, and small amounts of cytoplasm. To collect gonocytes at 0-1 days postpartum, neonatal testes were decapsulated and cell suspensions were prepared by digestion of seminiferous tubules in Hanks' balanced salt solution containing trypsin (0.17%) and DNase I (2.3 mg͞ml) for 5 min at 37°C followed by pipeting. After dispersed cells were suspended in DMEM with 20% FBS, gonocytes were identified by large size and round morphology.
Preparation of Adult and Embryonic Somatic Cells. Cumulus cells were collected as described (16) . Briefly, ovulated oocytecumulus complexes were treated with 0.1% hyaluronidase (300 units͞mg, Sigma) for 5 min to disperse cumulus cells. Embryonic somatic cells were collected from normal B6D2F1 embryonic trunks between 10.5 and 13.5 dpc. After decapitation and evisceration, embryos were minced and treated with 0.25% trypsin plus 0.04% EDTA for 10 min at room temperature. Cells were dissociated by repeated pipeting. After washing, both cumulus cells and embryonic somatic cells were treated with EMA-1 and FITC-labeled antibodies and exposed under fluorescence for 15 seconds, as described for PGCs.
Nuclear Transfer and Oocyte Activation. Donor cells were placed in Hepes-CZB medium containing 12% (wt͞vol) polyvinylpyrrolidone (PVP, average M r , 360,000; ICN). Donor nuclei were individually injected into mouse oocytes from which metaphase II chromosomes had been removed (16) . Reconstructed oocytes were incubated in CZB medium for 2 h (37°C) followed by a 6-h culture in Ca 2ϩ -free CZB containing 10 mM Sr 2ϩ and 5 g͞ml cytochalasin B. Activated oocytes were cultured in CZB medium for 1-3 days before transfer to surrogate mothers.
Intracytoplasmic Sperm Injection. Intracytoplasmic sperm injection was performed as described (17) . Cauda epididymal spermatozoa were suspended in Hepes-CZB medium. A drop of sperm suspension was mixed with Hepes-CZB with 12% PVP. After injection, oocytes were cultured in CZB medium for 1 day before transfer to surrogate mothers.
Embryo Transfer and Isolation of Embryos. Embryos at the two-cell or morula͞blastocyst stages were transferred into the oviducts of pseudopregnant females. The day of transfer was considered day 0.5 of pregnancy. Cloned and control embryos were recovered on day 10.5 of pregnancy. In some experiments involving 10.5-dpc PGCs (379 reconstructed oocytes, 172 two-cell embryos transferred), cloned embryos were examined on days 11.5-17.5 (33 implantation sites).
Genotyping the Sex of PGC Clones. DNA was extracted from yolk sacs by incubating at 55°C overnight in lysis buffer followed by heat inactivation at 95°C for 10 min (18) . To a Ready-To-Go PCR bead (Amersham Biosciences), 1-4 l of DNA lysate and 0.5 M primers Zfy-5 (5Ј-AAGATAAGCTTACATAATCACAT-GGA-3Ј) and Zfy-3 (5Ј-CCTATGAAATCCTTTGCTGCA-CATGT-3Ј) or 0.3 M primers Zf1 (5Ј-GACAGCCTTACCGAG-GTCGC-3Ј) and Zf2 (5Ј-CATGGGGGTATGCACACCTG-3Ј) were added. The Zfy primers (Zfy-3 and Zfy-5) assayed the sex of PGC cloned embryos (i.e., presence of Y chromosome) whereas primers for Mkrn3 (Zf1 and Zf2) served as a control for DNA extraction. Amplification was at 95°C for 2 min followed by 35 cycles at 95°C for 15 s, 58°C (Zfy) or 55°C (Mkrn3) for 10 s, and 72°C for 20 s.
DNA Preparation and Bisulfite Modification. DNA was isolated and subjected to bisulfite modification, PCR amplification, subcloning, and sequencing for the H19 and Snrpn ICRs as described (19, 20) .
Results

Development of Embryos Cloned from PGCs and Somatic Cells.
Before determining the competency of germ cells using nuclear transfer, it was necessary to select the appropriate donor cell type for proper interpretation of the cloning experiments (3, 21) . Here, EMA-1 selection, a cell surface antigen for embryonic germ cells (14) , was used to isolate live PGCs among the numerous cell types in the developing embryo (15) . To test the effectiveness of this selection system, adult cumulus cells were similarly treated and used for nuclear transfer. Cloned pups were obtained at the expected rate (2.0% of two-cell cloned embryos). Thus, this antibody-selection system was reliably used to identify donor cells without effecting damage that may have been detrimental to the cloning process.
After selection, developmental competence of donor PGCs was evaluated before (10.5 dpc; somatic-like epigenotype) and after (11.5 dpc and onward; reprogramming epigenotype) migration into the genital ridges (Table 1) in nuclear transfer embryos. On average, 60-70% of the oocytes survived nuclear injection, and Ͼ30% of reconstructed oocytes cleaved. Seven live embryos derived from 10.5-dpc PGC donor nuclei were observed on day 10.5 of pregnancy. All embryos had a heartbeat and appeared normal by morphological criteria (Figs. 2 and 3) . When embryos derived from 10.5-dpc PGC nuclei were allowed to develop further (days 11.5-17.5), we obtained three cloned embryos on days 11.5 (2) and 12.5 (1) of pregnancy (data not shown). Although one embryo showed normal development on day 11.5, its placenta was large and partially degenerating.
Histological examination revealed two massive placental hemorrhages that would likely have been fatal by midgestation due to placental dysfunction (data not shown). The other two cloned embryos were dead and degenerated. Thus far, a full-term fetus 2-c, two-cell embryos; M͞B, morulae and blastocysts; M, male; F, female; dpp, days postpartum. *% of reconstructed oocytes. † % of two-cell embryos. has not been generated from a 10.5-dpc PGC donor nucleus. Of six embryos cloned from 11.5-dpc PGC nuclei, only one displayed normal morphology at day 10.5 of pregnancy; others were retarded in their development (Figs. 2 and 3 ). Retardation in embryonic development was more distinct when either male or female PGCs of older embryos (12.5-13.5 dpc) were used for cloning.
When 15.5-dpc PGC nuclei were used as donors, almost all cloned embryos were severely delayed in their development. The rate of obtaining embryos, however, varied between male and female PGCs. Although nuclei from males supported a relatively high rate of development (26% of two-cell cloned embryos advanced to 10.5 days of pregnancy; Table 1 ), few 10.5-day embryos were derived from female donors (3.0% compared with 12.5% and 13.2% for female PGCs at 12.5 and 13.5 dpc, respectively; Table 1 ). Chromosomal analysis of female 16.5-dpc germ cells confirmed that these cells had entered meiosis (data not shown). Female germ cells begin to enter meiosis at 13.5 dpc. The entire population reaches the diplotene of first meiotic prophase by 15.5 dpc and then undergoes meiotic arrest. Thus, the decrease in developmental potential observed for female germ cell nuclei between 13.5 and 15.5 dpc is likely associated with the transition from a predominantly mitotic to a predominantly meiotic state. Conversely, male germ cells remain mitotic throughout embryonic development but cease dividing between 13.5 and 15.5 dpc. Thus, the transition of these cells into a G 0 cell-cycle state may account for the increased developmental potential of 15.5-dpc PGC clones. When male gonocytes (0-1 day postpartum) were used as a source of donor nuclei, 15.9% of two-cell cloned embryos developed to day 10.5 of pregnancy (Table 1) . However, almost all cloned embryos showed severe developmental delay.
Throughout these experiments, embryonic somatic cells and cumulus cells were used to control for the nuclear transfer procedure. About half of somatic cell-cloned embryos were normal in appearance on day 10.5 of pregnancy; others were considerably delayed in their development (Fig. 3) , consistent with previous experiments (22) . In contrast to 10.5-dpc PGCs, cloned pups were obtained at the expected rate (2.0%) when cumulus cells were used as nuclear donors.
Methylation Analysis of ICRs in Germ Cell-Cloned Embryos.
To assess the epigenetic state of the PGC-cloned embryos, we analyzed the methylation status of the ICRs of the H19 and Snrpn genes. In somatic cells of normal embryos, the differentially methylated domain (DMD) of the H19 gene is paternally hypermethylated (23) , whereas the Snrpn promoter-exon 1 region is maternally hypermethylated (24) . Cloned embryos isolated on day 10.5 of pregnancy were assayed at the 5Ј portion of the H19 DMD by using the bisulfite mutagenesis assay (Fig. 4) . Two of four and two of three cloned embryos derived from 10.5-and 11.5-dpc PGC donor nuclei, respectively, yielded a biparental, somatictype pattern of methylation with approximately half the strands hypermethylated (Ͼ50% of cytosine residues methylated) and the other half hypomethylated. These embryos were likely derived from PGCs that had not initiated erasure at the H19 locus. The other embryos showed hypomethylated patterns, suggesting that the donors had initiated the characteristic genomewide erasure that occurs in PGCs that have entered the genital ridge. No difference was observed in the methylation state of clones derived from male or female PGCs. Two cloned embryos, one each from the 10.5-and 11.5-dpc PGC donor populations, were also assayed by bisulfite mutagenesis at the Snrpn ICR (Fig. 4) . These embryos showed the same pattern noted for the H19 DMD. Embryo 45-2E was hypomethylated both for H19 and Snrpn, and embryo 43-1E exhibited the biparental, somatic-type methylation pattern for both regions.
The analysis of H19 DMD methylation in cloned embryos derived from 12.5-and 13.5-dpc PGC nuclei revealed that 2͞3 and 3͞3, respectively, exhibited a hypomethylation pattern (Fig.  4) . As suggested by the methylation analysis of germ cells, genomewide erasure is likely complete by 13.5 dpc (6-8, 25, 26) . Although one of the two clones generated from male 15.5-dpc PGCs was hypomethylated at the H19 DMD, the other clone exhibited a biparental, somatic pattern of methylation. It was shown that male 15.5-dpc germ cells had initiated remethylation on most but not all of the paternal alleles, whereas the maternal allele remained unmethylated (7) . It is likely that the former clone represented one of those germ cells that had neither allele methylated and the latter clone was derived from one of the cells that had initiated methylation of the H19 paternal allele. Finally, as reported for the germ cells of newborn male mice (19, 25, 27) , both clones derived from newborn spermatogenic cells were hypermethylated at the H19 DMD. Similar results were obtained for the corresponding placentas of these PGC clones (data not shown).
Control embryos cloned by using a 13.5-dpc embryo somatic cell and adult cumulus cell nuclei as donors were examined to determine whether the nuclear transfer procedure affected methylation patterns. Additionally, intracytoplasmic sperm injection-generated embryos were assayed. In general, although control embryos exhibited a biparental, somatic pattern of methylation as expected for the donor cell populations, a slightly lower-than-expected frequency of hypermethylated strands was observed in clones that survived to 10.5 days of pregnancy (Fig.  4) . It is likely that embryos experiencing major epigenetic disregulation because of the cloning procedure failed to survive to this point of development.
Discussion
Previous cloning success was reported by using germ cells that had reached the genital ridge (11.5-16.5 dpc) and were selected solely by morphological criteria (9, 28) . These cloned embryos were typically growth retarded on days 9.5-10.5 of pregnancy (9, 28) . In the current study, after successfully applying the above selection system, the developmental potential of donor germ cell nuclei was assessed in cloned embryos on day 10.5 of pregnancy by morphology analysis. We observed the same growth retardation in 11.5-to 15.5-dpc PGC clones with an inverse correlation between increased age of the donor PGCs population and developmental stage obtained by PGC cloned embryos. We also extended these findings by generating cloned embryos derived from 10.5-dpc migrating PGCs. All embryos appeared morphologically normal on day 10.5 of pregnancy. However, these PGC nuclei failed to support full-term clonal development, indicating that reprogramming of PGC nuclei had likely been initiated before entry into the genital ridge and that these cells were not truly somatic in their epigenotype. The substantial difference in morphological development in clones derived from 10.5 dpc and older PGC nuclei indicates that migrating and postmigratory germ cells possess different developmental potential. Once PGCs reach the embryonic gonad, they rapidly lose the developmental potential they possess before that stage. We suggest that cessation of development likely reflects the degree to which nuclei have departed from a somatic epigenetic pattern, with clones derived from early PGCs having the greatest developmental potential (Ϸ10.5 of pregnancy) and the least reprogramming, and the most developmentally delayed embryos having complete erasure of the somatic epigenotype.
To assess the epigenetic state of embryos cloned with PGCs in pre-and postmigratory phases, we analyzed the methylation status of the H19 and Snrpn ICRs. Specifically, half of the clones exhibited extensive hypomethylation of the H19 DMD in embryonic and placental tissues, indicating that individual migrating PGCs at 10.5 dpc had initiated demethylation of the H19 and Snrpn imprinting control regions. Genome demethylation continued in a subset of cloned embryos derived from 11.5-and 12.5-dpc PGCs. Finally, all clones derived from 13.5-dpc PGCs were essentially devoid of methylation at the H19 DMD, in agreement with previous studies showing that this germ-cell population has completed genomewide demethylation (6-9, 25, 26, 29) . Similar to demethylation events, methylation of the H19 DMD in male PGC clones paralleled that of donor PGCs. Specifically, a proportion of clones derived from 15.5-dpc PGCs displayed a biparental methylation pattern whereas all clones generated from newborn male germ cells were hypermethylated, consistent with the paternal allele becoming methylated at Ϸ15.5 dpc and the maternal allele becoming methylated thereafter (7) .
Although all studies indicate that methylation erasure is completed by 13.5 dpc, discordance exists for the timing of demethylation initiation. Methylation analysis of PGCs (9, 30) and PGC clones (this study) indicated that some 10.5-dpc PGCs had initiated demethylation, whereas others reported that demethylation had not commenced until 11.5 dpc (8) . These contrasting results may be due to differences in experimental strategies, to differences in the mouse strains used, or to the analysis of a population of PGCs compared with this study where clones derived from single PGCs were assayed. With respect to the latter, however, early demethylation was observed in a population of PGCs by others (9, 30) . Interestingly, few genes were actually analyzed in 10.5-dpc PGCs in the study by Hajkova et al. (8) . Two assayed genes, Igf2 and Snrpn, did exhibit some demethylation in 10.5-dpc PGCs. In addition, several genes, such as H19 and Peg3, had lower levels of methylation than expected in 11.5-dpc PGCs, leaving open the possibility for earlier commencement of demethylation.
Demethylation at imprinted loci in early-stage PGCs is supported by imprinted gene expression studies. Four imprinted genes, including H19 and Snrpn, exhibited imprinted expression in 9.5-dpc PGCs (31) . By 10.5 days, PGCs begin to switch to a biallelic mode of expression, with contributions from the normally silent alleles of H19 and Snprn increasing thereafter. This report supports the conclusion that methylation erasure begins before PGCs reached the genital ridge in a proportion of PGCs (9, 30, 31) . Based on the coincidence of demethylation of imprinted and nonimprinted loci after entry of the PGCs into the genital ridge, Hajkova et al. (8) proposed two hypotheses for demethylation initiation. In the first, a signal(s) from somatic cells in the genital ridge influences the onset of reprogramming induced demethylation, and, in the second, onset of reprogramming may be regulated by a developmental clock that is intrinsic to germ cells. The initiation of demethylation in some PGCs at 10.5 dpc supports an intrinsic clock mechanism, although both mechanisms may be involved.
Regardless of the actual time of initiation of demethylation, the reprogramming of PGCs appears to occur over a relative short window of time. This raises the question of whether demethylation occurs synchronously or in a gene-independent manner. We observed that, within a given PGC clone, the response of the H19 and Snrpn ICRs was closely matched. Similar results were reported for H19 and Peg10 in the majority of 11.5-dpc-PGC-cloned embryos (9) . Together these results suggest that, once a cell starts, demethylation at imprinted loci may occur uniformly.
An interesting finding from this study, as well as in previous studies (9, 28) , was the high cloning success rate by clones derived from male 15.5-dpc PGCs: 26% of two-cell embryos developed to 10.5 days of pregnancy. It has been suggested that the cells in G 0 ͞G 1 of the cell cycle are the most suitable for cloning (16, 22, 28, 32) . Although male germ cells at 15.5 dpc are in G 0 mitotic arrest, the success of achieving postimplantation development was much higher than would be predicted when compared with somatic donor cells at a similar cell cycle stage; for example, only 1.7% of Sertoli cell clones (16), 5.3% of cumulus cell clones (this study), and 13.2% of fetal neural cell clones (22) develop to a similar stage. Thus, factor(s) in addition to cell cycle may influence the successful development of embryos cloned from 15.5-dpc PGCs. One additional possibility for the higher success rate may be that germ cell nuclei are beginning to establish male-specific imprinting marks and somatic genomewide methylation at nonimprinted genes (7, 26) . For example, for the H19 DMD, the paternal H19 allele becomes methylated at Ϸ15.5 dpc, with the maternal allele becoming methylated thereafter (7) . Thus, the somatic-like differential methylation pattern is transiently reestablished in male PGCs. Ultimately, these clones are severely compromised in their morphology, indicating that the potential establishment of some imprints is insufficient for normal development.
In conclusion, although germ cells by their very nature are often thought to be totipotent and therefore hypothetically ideal nuclear donors for cloning experiments, they are in fact not competent to act as nuclear donors to produce viable cloned offspring that can complete development. PGCs have typically erased or are in the process of establishing epigenetic marks. Thus germ cells should perhaps be viewed as ''hemipotent'' donors for nuclear transfer.
